There were few literatures on the discussion of the wing flexion and associated aerodynamic performance of dragonfly wings in dragonfly free flights, which are potential candidates for developing bio-inspired micro aerial vehicles (MAVs) that can match the hovering and maneuvering performance of winged insects. To this end, we experimentally measure the wing flexion of a free flying dragonfly during take-off using high-speed photogrammetry and three-dimensional surface reconstructions. From the collected data, analysis of body motion Euler angles, SVD analysis of wing kinematics, wing surface deformation and topologies, and direct numerical simulations will provide insights into the selection of flapping wing and kinematics for quad-winged MAV designs and applications. 
I. Introduction
ing flexion in flapping flight is a hallmark of insect flight. It is widely thought that wing flexibility and wing deformation would potentially provide new aerodynamic mechanisms of aerodynamic force productions over completely rigid wings [1] [2] [3] [4] [5] [6] . However, despite some recent quantitative visualization of insect in free flight [7, 8] , there are still lack of literatures on 3D detailed measurements of wing deformation and associated aerodynamic performance in the study of insect flights. To this end, we shot high-speed videos of a dragonfly (Anax Junius) ( Figure 1 ) in freely take-off motion in lab and analyze the wing deformation using highaccurate surface reconstruction technology. Computational Fluid Dynamics (CFD) simulation 1 Assistant Professor, AIAA Senior Member, haibo.dong@wright.edu. 2 Ph.D Student, Computer Science Department 3 Ph.D Student, AIAA student member. 4 Research Scientist, AIAA member. 5 Undergraduate Student, AIAA student member.
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Figure 1.
A dragonfly with quad-winged flapping system further investigates the vortex formation and shedding by the wing motions and associated lift production is also discussed in this paper.
II. Experimental Methods
A. Equipment
The insect studied in this work is a dragonfly (Anax Junius) shown in Figure 1 .The most important component of our highspeed photogrammetry system is the camera itself. We use 3 High-speed Cameras aligned along the principle coordinate axes (Figure 2 ). For our system, we chose the Photron Fastcam SA3 60k model. This camera is a CCD sensor with 17um pixels. The system is capable of capturing a maximum of 1000 black and white frames per second at full resolution (1024x1024) with a global shutter speed of 2 us. With 4 Gb of onboard storage, this stand-alone, network-attached camera system allows for a maximum record time, at optimum settings, of 2.726 seconds.
The camera system was designed with adaptability in mind. Another major component of our system is the foundation. The foundation and framework that supports the three cameras is comprised of an optical breadboard and extruded aluminum profile. For the optical breadboard we chose a Newport 4'x4' platform with ¼-20 mounting holes and is true across the surface within 0.001". This was paired with 8020 4"x4" Extruded Aluminum Profiles with the appropriate proprietary mounting hardware. The slotted channels in the aluminum supports allows us to provide quick coarse adjustment to the camera positions while ensuring that we maintain perpendicular positions from each camera perspective. The optical breadboard allows us to mount our hardware to a sturdy anchor and ensure that minimal vibrations will occur within the system.
The camera system once installed and configured with any standard personal computer, is capable of being synchronized and triggered simultaneously. For this task, we use a daisy-chain method to loop the cameras to one another. Because the cameras, much like many professional photography set-ups, are triggered by an external Transistor-Transistor Logic (TTL) signal. By configuring the cameras in a master-slave arrangement, it is possible to trigger one camera to relay the signal to the other two cameras. By using this method of triggering, we are capable of minimizing camera delay and maximizing the response time. This lag between timing in sequential frames can be a major hassle during post-processing, so the goal of this system is to minimize the delay between cameras. Our current measurements indicate our delay between cameras at a maximum of 30 nanoseconds, which for our applications can be taken as zero delay between frames.
B. Data Collection Process
The cameras are calibrated using a series of calibration matrices. By taking images from the cameras of a calibration object with a set of given points with known dimensions, we are able to decomposed the camera properties into a P-Matrix. The P Matrix is composed of the camera calibration properties as well as translational and rotational components. The process for collecting this data is described by [9] . Once one camera has been calibrated and the given P matrix has been formed, we are able to use these specifics to decompose the 3 dimensional global coordinate system into a two dimensional image plane. By performing the calibration for all three High-speed camera system setup in lab American Institute of Aeronautics and Astronautics cameras in the system and calculating three separate P matrices, we are able to create associated two dimensional image planes that can be combined, in reference, to reconstruct the motion of the objects in the global three dimensional coordinate system.
C. Data Quality
Many difficulties arise during the data collection process that was only made evident in the post processing of the data. One of the minor difficulties we faced during the post processing h as already been mentioned in this paper. The cameras are delayed from frame to frame by a small variation. Although some of this can be corrected using aftermarket animation software, it is impossible to completely overcome this difficulty. Like with any system, nothing can be completely efficient, and this is something that we are currently trying to minimize for future use.
Because of our increased shutter speed and use of extension tubes in some case, we had to flood our scene with a great deal of light. An insect's wings are membranous and often iridescent and reflective. This causes glare to form in some images when the wing surface reflects light into the camera. This can make it very difficult to see the wing surfaces. We are able to overcome this difficulty by marking a grid like pattern of dots across the surface of each wing. This uniform pattern serves as a reference for reconstructing the wing. Because the wings were marked with a fine tipped permanent marker, the added weight from the ink on the surface of the wing is approximated as zero, and does not affect the flight performance of the insect. By calibrating all three camera viewpoints we can reference from multiple views during the reconstruction process. We found that when parts of the wings were obstructed in one view, that the other two views provided sufficient clarity and detail for reconstruction.
The largest complication came from capturing true free flight motion of the insects. Because we intended to capture motion of the insects from non tethered data, we had to develop a system that allowed us to capture the flight data when the insect was in the focus range of the cameras. The insect subjects were very uncooperative at first. To ensure that the insects were not provoked into flight or restricted in any way possible, we used the laser trigger system to automate our data collection. This allowed us to capture only the usable data of our insects without having to manipulate the insects' flight paths.
III. Results
A. Surface Reconstruction
Prior to photographing, the dragonfly's wings were marked in a grid pattern with black ink in order to provide anchor points to aid in reconstructing their 3D shape as they deform while flapping. The initial 3D wings and body were generated with Catmull-Clark subdivision surfaces using Autodesk Maya by aligning vertices corresponding to the first level of the subdivision surface hierarchy with the anchor points on the wings. Figure 3 shows the initial configuration of the wings and body based on the dragonfly in Figure 1 . The wings were then animated with key frame animation by repeating the anchor point based alignment process along each axis at each time step of the images of the flying dragonfly taken with the high speed camera's. Since anchor points are available on both the interior of the wing and the edges, an approximation of the true Figure 3 . Corresponding reconstructed wings and body of the dragonfly in Figure 1 . American Institute of Aeronautics and Astronautics 3D shape of the wings as they bend and twist is captured with the smooth subdivision surface representation. In frames where the wings rotate such that the location of the anchor points along one or more axes is not discernable, reconstructions were performed at adjacent frames and spline interpolation was used to estimate anchor point location at the unclear frame. Figure 2 shows an example of how the 3D wing models were aligned to the images taken from the high speed cameras at a single time step during slow flight. The dragonfly's body was assumed to be rigid and was animated by aligning its outer border to the silhouette of the body in the images, however the body moves very slowly compared to the wings, so its reconstruction is trivial in comparison.
B. Singular Value Decomposition (SVD) of the Dragonfly Wing Kinematics
SVD is more general than eigenvalue decomposition and intimately relates to the matrix rank and reduced-rank least-squares approximation. In the SVD approach a function ( , ) A x t can be expressed as, 
 
V contains the eigenvectors corresponds to the spatial distribution of the modes. As it is stated earlier, SVD method is employed for the POD analysis of dragonfly wing kinematics which was described by 45 distinct timeframes in one fin-beat cycle. For the POD analysis, surface data is interpolated to represent each frame by 865 nodal points. The function which defines wing kinematics is a displacement vector  
,, x y z    in the three dimensional space. Displacements taken by every node on the wing surface at each of the timeframes are inserted into a matrix in a coupled manner which construct the following size   
A is then subject to SVD analysis which leads to 44 singular values. The normalized singular value spectrum of the wing kinematics is shown in Error! Reference source not found.(a) along with a cumulative plot for the same data. The singular values are normalized by the sum of all singular values whereas the cumulative values rescale so that they sum to unity. A number of interesting observations can be made from this plot. First, the singular value spectrum shows three distinct ranges: the first between Mode-1 to -5 where we see a rapid decrease in the amplitude, the second from Mode-5 to -11 where there is a much slower reduction in amplitude and finally the range from Mode-12 to 19 which has negligible contribution. The rapid initial decrease in the spectrum is interesting in that it suggests that a small number of modes contain most of the essential features of the wing motion. In fact, the cumulative values show that the first two, three and five modes capture 62%, 73% and 85% respectively of the total motion. The first mode of the wing kinematics is projected on x-y plane and is shown in Fig. 5(b) , in which it looks like a flapping motion around vertical axis.
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C. Euler Angle Analysis and Study of Wing Motions
Given the laboratory coordinates of the dragonfly, a set of Euler angles describing the rotation sequence from the laboratory-fixed frame XYZ to the body-fixed frame X'Y'Z' is possible to compute. It is always necessary to have the body-fixed frame X'Y'Z' for the researchers to identify the stroke plane angle of the dragonfly's wings, moreover, the downstroke and upstroke of wing beat. Being a kind of Euler angles widely used in aerospace, yaw, pitch and roll describe the rotations of the dragonfly's body in Euler angles form of z-y-x, i.e. (1)  . This doesn't happen in current studies because it is hardly to observe a dragonfly flying in a free mode where the pitching angle of its body is exactly vertical.
The range of motion for the fore and rear wings on the dragonfly can be seen in Table 1 and key descriptors are depicted in Figure 7 . This range of motion and phase difference will be a constraint in the design. The equation used to find the motion for the hind wings at any given time (Eqn. 1) can be seen below. (1) where represents the angular frequency and is the phase. The equation for the front wings at any given time (Eqn. 2) is shown below.
(2)
The quad-wing design will follow the same range of motion and maintain the same phase from use of this data. The phase is calculated using the following equation (Eqn.3) 
D. Wing Deformation and Surface Topologies
Wing surface deformation and topologies are visualized in Figure based on the time series wing surface reconstruction in Figure 4 . The camber/chord ration in Figure 8(a) is defined by the ratio of maximum chamber height and wing chord. As plotted in Figure 8(b) , time history of the camber/chord ratio of left-side wings show the maximum ratio is about 12% and there is phase shift between hind wings and forewings.
E. CFD Simulation
A second-order finite-difference based immersed-boundary solver [10] has been developed which allows us to simulate flows with complex immersed 3-D moving bodies. The method employs a second-order central difference scheme in space and a second-order accurate fractional-step method for time advancement.
The Eulerian form of the Navier-Stokes equations are discretized on a Cartesian mesh and boundary conditions on the immersed boundary are imposed through a "ghost-cell" procedure [13] . Detailed validations of the code can be found in [11, 12] . For this particular simulation of dragonfly in free flight, comprehensive grid and domain size independence studies have also been conducted. The following step will investigate the associated force production.
IV. Summary
By using a novel system for high-speed photogrammetry, we are able to study various modes of insect flight. Our system is capable of high fidelity reconstructions and analysis as well as low resolution numerical analysis for simplified simulations. With this system and methods, we are able to model highly accurate reconstructions of insect wing deformation, body tracking, and wing kinematics all of which will aid in the design of the next generation of Micro Air Vehicles. From the collected data, investigation of the wing aerodynamic performance and simulation of vortex formation and vortex shedding will provide insight into understanding of flapping wing physics for quad-winged MAV designs and applications.
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